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According to thermodynamics of polymer solutions,
polymers show conformational changes depending on
the solvent quality. A transition of single polymer chain
induced by the solvent quality change, known as a coil-
globule transition, has been extensively studied because
of their importance in not only polymer physics but also
application aspects for the collapse of a gel network, the
folding of a protein, and so on.1-6
Poly(N-isopropylacrylamide) (PNiPAM) chain in wa-
ter has a £ temperature at 30.6 °C, where the second
virial coefficient is zero, and shows the coil-globule
transition by heating. Indeed, there are many reports
studying PNiPAM solutions by scattering methods,7-10
fluorescence,11 electronic paramagnetic resonance,12 IR
spectroscopy,13,14 and calorimetry.15,16 A considerable
amount of work on PNiPAM solutions is collected in a
review.17 However, thermal diffusion phenomena, also
called the Ludwig-Soret effect, have not been studied
with taking into account the coil-globule transition in
the vicinity of the £ temperature.
The Ludwig-Soret effect accounts for a mass flux, J1,
in a mixture which is induced by a temperature and a
concentration gradient.18-21 Under a steady tempera-
ture gradient a steady concentration gradient is built
up, where the flux vanishes (J1 ) 0). The Soret coef-
ficient, ST, is expressed as
where D is the translational mass diffusion coefficient,
DT the thermal diffusion coefficient, c1 the mass fraction
of component 1, and T the temperature.
The sign of ST indicates whether component 1 mi-
grates to the warm side or the cold side of the fluid.22 If
the system is dominated by short-range interactions, the
thermal diffusion behavior can be attributed to single
particle and collective contributions.23 There are several
detailed and systematic studies of thermal diffusion
phenomena of organic polymer systems covering scaling
behavior, concentration effects, and preferential solva-
tion effects in mixed solvents.24-29 In contrast to those
organic systems, there are only few studies for aqueous
polymer solutions.
Observations of the Ludwig-Soret effect in the vicin-
ity of coil-globule transition of PNiPAM/water will
illuminate the importance of segment-segment and
segment-solvent interactions. These key features can
be varied experimentally according to the consequence
of coil-globule transition of PNiPAM. This approach
will lead to deeper understanding of thermal diffusion
behavior of aqueous polymer systems as well as provide
new insight into the solution properties of PNiPAM in
a thermodynamically nonequilibrium state.
PNiPAM was purified by a fractionation method.8 One
fraction was used in this study which had the weight-
averaged molecular weight Mw ) 3.0  106 g/mol with
a polydispersity Mw/Mn of 1.20. Details of sample
preparation and characterizations are described else-
where.30 Water was deionized by a Milli-Q system. In
this study 1.0 g/L PNiPAM in water was prepared with
a tiny amount of the dye, Basantol Yellow 215.31
The experimental details of thermal diffusion forced
Rayleigh scattering (TDFRS) have been described else-
where.32 The normalized heterodyne signal intensity,
œhet(t), to the thermal signal is related to the Soret
coefficient ST and diffusion coefficient D as follows:
Here, t is the time, n the index of refraction, and q the
wavenumber. The contrast factors (@n/@T) and (@n/@c1)
should be determined separately.33 The TDFRS mea-
surements were carried out in the temperature range
from 20 to 38 °C, where the temperature of the sample
cell was controlled by circulating water from a thermo-
stat with an uncertainty of 0.02 °C. The wavenumber
in the present study was q ) 4600 cm-1.
Figure 1 shows the temperature dependence of the
Soret coefficient ST, diffusion coefficient D, and thermal
diffusion coefficient DT for 1.0 g/L PNiPAM in water.
The error bar is one standard deviation. The ST remains
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Figure 1. Temperature dependencies of Soret coefficient ST,
translational diffusion coefficient D, and thermal diffusion
coefficient DT of 1.0 g/L PNiPAM in water obtained by TDFRS
(closed circles). The diffusion coefficients shown by the open
circles were the results of dynamic light scattering. Lines are
drawn to guide eye.
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almost constant below 25 °C and has a maximum at 30.7
°C with a steep decrease and a plateau at higher
temperatures. The diffusion coefficient turns upward at
30.7 °C with increasing temperature. These significant
points agreed well with the £ temperature (30.6 °C)
reported elsewhere.8,34 The diffusion coefficients shown
by open circles were the results of dynamic light
scattering (DLS). The sharp increase of D in the poor
solvent (above the £ temperature) corresponds to the
formation of a compact conformation of polymer chains.
The hydrodynamic radius (Rh) changes from 39.4 nm
(21.1 °C) to 21.2 nm (37.8 °C), which is evaluated using
the Stokes-Einstein equation. The magnitude of the
diffusion coefficient at 20 °C is in good agreement with
previous studies and shows a similar temperature
dependence through the coil-globule transition.8,34,35
The thermal diffusion coefficient has a shape similar
to ST, although the DT shows an apparent increase with
increasing temperature in the good solvent side and the
temperature of the largest DT was 31.2 °C. Even though
the temperatures at maximum ST and DT differ slightly,
the temperature dependence of ST and DT shows peaks
at close to the £ temperature of PNiPAM in water.
The positive ST of PNiPAM indicates that polymers
migrate to the cold side of the fluid under the temper-
ature gradient (typical for polymer solutions). The peak
of ST means that the concentration gradient is enhanced
approaching the £ temperature. The steep decrease of
ST above the £ temperature could be associated with
the transition to the globular state, where the confor-
mation of polymer and relating interactions among
segments and solvents are drastically changed by heat-
ing. The enhancement of the ST near the £ temperature
is considered by taking into account the solvent quality
as follows.
The direction of thermodiffusive motion of PNiPAM
molecules in water is always toward cold side, corre-
sponding to the positive sign of ST. The polymer has a
better solubility in colder water as can be judged by
temperature dependence of the second virial coefficient.8
The thermodiffusive motion by the Ludwig-Soret effect
has the same direction with the better solubility side of
the polymer. These facts indicate the magnitude of the
concentration gradient induced by the Ludwig-Soret
effect should have a tendency to be enlarged by the
better solubility of polymer in the cold side. This could
be the origin of the enhancement of Soret coefficient
which tends to be pronounced approaching the £
temperature.
In previous reports, we studied the ternary system
of poly(ethylene oxide) in the mixed solvent water/
ethanol and found a sign change of ST with changing
the solvent compositions. The polymer moves to the cold
side in high water compositions (ST > 0), while it
migrates to hot side in low water compositions (ST <
0).31,36,37 The sign of ST was also changed by varying
the temperature in a certain composition range of
solvent mixture, although in pure water the ST of PEO
was positive. A calculation of lattice chamber model for
this system showed that hydrogen bonding plays a key
role in describing the sign change behavior of the
polymer.31,37,38 In a recent study of PNiPAM/ethanol, we
found that the ST and DT monotonically decreased with
increasing temperature. The sign change of ST and DT
takes place at 34 °C, where ethanol was a good solvent
and the chain dimension remains almost constant at all
temperature measured by static and dynamic light
scattering (15-40 °C). Additionally, the sign change
temperatures are identical for both dilute and semi-
dilute solutions of PNiPAM/ethanol.30 In this work, we
observe the formation of a compact conformation to-
gether with the rapid decrease of the Soret coefficient
in the poor solvent, while the sign remains positive.
These results indicate the sign change behavior is
relating to specific interactions between chain segments
and solvent molecules. According to the consequence of
the coil-globule transition of PNiPAM/water, segment-
solvent interactions are favored at low temperatures
where polymer chains are solvated with water mol-
ecules. In the poor solvent the segment-segment and
the water-water contacts are favored due to a liberation
of water molecules, and the chain shrinks to a compact
structure. This picture for dilute solution of PNiPAM
provides that the thermal diffusion behavior strongly
depends on the interface at segments and solvents.
In conclusion, the behaviors of ST and DT for PNiPAM/
water are susceptible to short-range associations, such
as the segment-segment and segment-solvent interac-
tions and relating chain dimensions where the unper-
turbed chain showed the largest response against the
field of temperature gradient. Although as discussed in
the previous report the effect of a tiny amount of water
should be taken into account to interpret thermally
induced sign change of ST for PNiPAM/ethanol, in the
present study using water as a solvent the structure of
the segment and water via hydrogen bonding is not the
same as PNiPAM in ethanol. To clarify the effect of
solvent association in detail, we need to study the
ternary system of PNiPAM/water/ethanol, where the
local structures and a preferential solvation as well as
a co-nonsolvency effect should be considered.
Acknowledgment. The authors are indebted to
Gerhard Wegner for his kind support. The experimental
assistance by Gunnar Kircher, Beate Mu¨ller, and Chris-
tine Rosenauer is gratefully acknowledged. This work
was partially supported by the Deutsche Forschungs-
gemeinschaft Grant Wi 1684.
References and Notes
(1) Stockmayer, W. H. Makromol. Chem. 1960, 35, 54-74.
(2) Sun, S.-T.; Nishio, I.; Swislow, G.; Tanaka, T. J. Chem. Phys.
1980, 73, 5971-5975.
(3) Park, I. H.; Wang, Q.-W.; Chu, B. Macromolecules 1987, 20,
1965-1975.
(4) Chu, B.; Park, I. H.; Wang, Q.-W.; Wu, C. Macromolecules
1987, 20, 2833-2840.
(5) Birshtein, T. M.; Pryamitsyn, V. A. Macromolecules 1991,
24, 1554-1560.
(6) Nakata, M.; Nakagawa, T. Phys. Rev. E 1997, 56, 3338-
3345.
(7) Fujishige, S.; Kubota, K.; Ando, I. J. Phys. Chem. 1989, 93,
3311-3313.
(8) Kubota, K.; Fujishige, S.; Ando, I. J. Phys. Chem. 1990, 94,
5154-5158.
(9) Wang, X.; Wu, C. Macromolecules 1999, 32, 4299-4301.
(10) Kratz, K.; Hellweg, T.; Eimer, W. Polymer 2001, 42, 6631-
6639.
(11) Winnik, F. M. Macromolecules 1990, 23, 233-242.
(12) Winnik, F. M.; Ottaviani, M. F.; Bossmann, S. H.; Garcia-
garibay, M.; Turro, N. J. Macromolecules 1992, 25, 6007-
6017.
(13) Maeda, Y.; Higuchi, T.; Ikeda, I. Langmuir 2000, 16, 7503-
7509.
(14) Katsumoto, Y.; Tanaka, T.; Sato, H.; Ozaki, Y. J. Phys.
Chem. A 2002, 106, 3429-3435.
(15) Schild, H. G.; Tirrell, D. A. J. Phys. Chem. 1990, 94, 4352-
4356.
(16) Tiktopulo, E. I.; Bychkova, V. E.; Ricka, J.; Ptitsyn, O. B.
Macromolecules 1994, 27, 2879-2882.
Macromolecules, Vol. 38, No. 11, 2005 Communications to the Editor 4555
(17) Schild, H. G. Prog. Polym. Sci. 1992, 17, 163-249.
(18) Ludwig, C. Sitz. ber. Akad. Wiss. Wien Math.-naturw. Kl
1856, 20, 539.
(19) Soret, C. Arch. Geneve 1879, 3, 48.
(20) Tyrell, H. Diffusion and Heat Flow in Liquids; Butter-
worth: London, 1961.
(21) deGroot, S. R.; Mazur, P. Nonequilibrium Thermodynamics;
Dover: New York, 1984.
(22) Ko¨hler, W., Wiegand, S., Eds.; Thermal Nonequilibrium
Phenomena in Fluid Mixtures, 1st ed.; Lecture Note in
Physics Vol. LNP584; Springer: Berlin, 2002.
(23) Wiegand, S. J. Phys.: Condens. Matter 2004, 16, R357-
R379.
(24) Zhang, G. Z.; Briggs, M. E.; Gammon, R. W.; Sengers, J. V.;
Douglas, J. F. J. Chem. Phys. 1999, 111, 2270-2282.
(25) Rauch, J.; Ko¨hler, W. Phys. Rev. Lett. 2002, 88, 185901.
(26) Rauch, J.; Ko¨hler, W. J. Chem. Phys. 2003, 119, 11977-
11988.
(27) Rue, C.; Schimpf, M. Anal. Chem. 1994, 66, 4054-4062.
(28) Van Asten, A. C.; Kok, W. T.; Tijssen, R.; Poppe, H. J. Polym.
Sci., Part B: Polym. Phys. 1996, 34, 283.
(29) Schimpf, M. E.; Giddings, J. C. Macromolecules 1987, 20,
1561-1563.
(30) Kita, R.; Kircher, G.; Wiegand, S. J. Chem. Phys. 2004, 121,
9140-9146.
(31) Kita, R.; Wiegand, S.; Luettmer-Strathmann, J. J. Chem.
Phys. 2004, 121, 3874-3885.
(32) Perronace, A.; Leppla, C.; Leroy, F.; Rousseau, B.; Wiegand,
S. J. Chem. Phys. 2002, 116, 3718-3729.
(33) Becker, A.; Ko¨hler, W.; Mu¨ller, B. Ber. Bunsen-Ges. Phys.
Chem. Chem. Phys. 1995, 99, 600-608.
(34) Wu, C.; Wang, X. Phys. Rev. Lett. 1998, 80, 4092-4094.
(35) Kubota, K.; Fujishige, S.; Ando, I. Polym. J. 1990, 22, 15-
20.
(36) de Gans, B.-J.; Kita, R.; Mu¨ller, B.; Wiegand, S. J. Chem.
Phys. 2003, 118, 8073-8081.
(37) de Gans, B.-J.; Kita, R.; Wiegand, S.; Luettmer-Strathmann,
J. Phys. Rev. Lett. 2003, 91, 245501.
(38) Luettmer-Strathmann, J. J. Chem. Phys. 2003, 119,
2892-2902.
MA050526+
4556 Communications to the Editor Macromolecules, Vol. 38, No. 11, 2005
